Purpose To compare the efficacy of vitrification and conventional freezing of whole ovaries. Methods Ovaries obtained from 5-year-old female bovines were cryopreserved by conventional freezing, rapid freezing and vitrification. The ovarian cortical strips were cryopreserved by conventional freezing. Follicular viability was assessed using the trypan blue test; the percentage of morphologically normal primordial follicles, hormones concentrations in the culture supernatants, and lactate dehyrogenase levels were measured. Results The efficacy of cryopreservation of whole ovaries by vitrification was higher than those by conventional freezing and rapid freezing. Conventional freezing of ovarian cortical strips was more effective than cryopreservation of whole ovaries by conventional freezing, rapid freezing, and vitrification. Conclusions Vitrification seems to be more suitable than conventional freezing for cryopreservation of whole ovaries. However, further studies are required to improve the efficacy of vitrifying whole ovaries.
Introduction
Advances in cancer therapy have enabled long-term remission and even cure of many cancers. Because germ cells are particularly susceptible to cytotoxic treatments (especially alkylating agents and radiation), ovarian failure and infertility are common complications that can have an impact on the quality of life for young survivors of cancer [1, 2] . Surgical removal of ovarian tissue, followed by cryostorage and later autotransplantation, offers the possibility to circumvent gonadotoxic injury.
The retransplanted ovarian cortical tissues typically start to show signs of spontaneous estradiol production after 2-8 months, but cessation of the function is seen in most cases within 6-9 months after retransplantation [3] [4] [5] [6] [7] [8] . The limited amount of tissue in combination with the extended ischemic period may explain the short lifespan of the graft. In a study of sheep ovarian tissue, it was found that 60-70% of follicles were lost after transplantation but only 7% of the loss was dependent on the cryopreservation procedure itself [9] . Thus, the major loss seems to occur during the warm ischemic period, probably extending over several days until neovascularization has restored the blood flow to the grafted tissue.
Cryopreservation of a whole ovary followed by retransplantation with vascular anastomosis has been suggested as a method to decrease ischemic injury and thereby to increase survival time and gain long-term ovarian cyclicity [10] [11] [12] . Successful cryopreservation and autotransplantation of whole ovaries have been achieved in a number of experimental animal species [13] [14] [15] [16] . Despite these encouraging results, however, dramatic depletion of follicular density was observed in transplanted frozen-thawed grafts. Imhof et al. reported massive follicular depletion with less than an 8% follicular survival rate [17] . Other authors reported only 6% of viable follicles and the depletion of the entire follicular population after frozen ovarian grafts [18] . Taken together, these studies of whole ovary cryopreservation in sheep illustrate the difficulties of this method.
Cryopreserving a large-sized intact ovary is problematic because of the difficulty of adequate diffusion of cryoprotective agents into large tissue masses. Another challenge of freezing whole ovaries is related to heat transfer in such large-sized organ [12] . Imperfect freezing technologies for bulky organs can be a big barrier of whole ovary transplantation. The protocol of cryopreserving whole ovaries should be optimized before the procedure can be of clinical significance.
There are 2 main methods of cryopreserving biologic tissue: either classic "slow" freezing or vitrification by rapid cooling. Slow cooling uses an optimal cooling rate specific to a given cell to avoid producing intracellular ice crystals. Vitrification is an alternative approach to cryostorage. At a sufficiently low temperature, a highly concentrated aqueous cryoprotectant solution becomes so viscose that it solidifies without the formation of ice crystals. In 1985, Rall and Fahy reported the first ice-free cryopreservation of mouse embryos by vitrification [19] . Until now, vitrification has been adopted to cryopreserve embryos, oocytes and ovarian tissue. Studies that compare the effectiveness of vitrification and conventional freezing of oocytes, embryos and ovarian tissue have been performed [20] [21] [22] [23] . However, which method is more suitable for cryopreservation of a complex and heterogeneous system such as an intact ovary: vitrification or conventional freezing? There is no consensus on this question. The aim of this study was therefore to compare the effectiveness of vitrification with conventional freezing of whole ovaries.
Materials and methods
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indicated.
This study was approved by the Animal Research Ethical Committee of the Shandong University. We collected ovaries with ovarian pedicle from on average 5-year-old bovines at the Shandong Hypor Liuhe Breeding Farm. All the selected ovaries were in follicular phase and the ovarian vessels were cut so as to be as long as possible. Ovaries were perfused with heparinized (100 IU ml −1 ) Ringer , s solution immediately after removal from bovines, and ovaries and vessels were transported to the laboratory at 10°C to minimize ischemia.
Twenty-five ovaries were randomly assigned to control groups and experimental groups. The experimental groups included: group A, group B, group C, and group D.
Freezing/thawing or warming procedures
Slow-freezing of ovarian cortical tissue (group A)
The procedure was carried out according to the protocol described by Gosden and colleagues [24] . Cortical strips from ovaries were cut into 1×1×1 mm slices free of fat and mesentery. The ovarian strips were placed into 2-mL cryotubes (Corning Coaster Corporation, Cambridge, MA, USA) filled with a cryoprotective mixture. The cryoprotective mixture contained modified phosphate-buffered saline (DPBS) medium, 1.5 mmol/L dimethyl sulfoxide (DMSO) and 15% heated-inactivated fetal calf serum (FCS) (Sijiqing Co., Hangzhou, China). The cryotubes were cooled in a programmable freezer (Kryo 10, Series III; Planer, Sunbury-on-Thames, UK) with the following program: (1) cooled from 0°C to 8°C at −2/min; (2) seeded manually by touching the cryotubes with forceps prechilled in liquid nitrogen; (3) cooled to −40°C at −0.3°C/min; (4) cooled to −150°C at −30°C/min, and (5) transferred to liquid nitrogen (−196°C) immediately for storage.
Thawing of ovarian cortical tissue One week later, the cryotubes were removed from the dewar and held at room temperature for 2 min before plunging in a water bath at 37°C for another 2 min with gentle shaking. The contents of the cryotubes were quickly emptied into culture dishes (Becton Dickinson, NY, USA) with Leibovitz L-15 medium and washed 3 times with fresh medium to remove cryoprotectant before further processing.
Slow-freezing of whole ovaries (group B)
1. Ovarian Perfusion. A cannule (18 GA 1.77, 1.3×35 mm, Venflon) was inserted into the vessel and secured with sutures. The cannule was connected with the perfusion hiose (Braun, Melsungen, Germany) to a peristaltic STC-521 Seringe pump (Terufusion, Tokyo, Japan). The perfusion rate was set at 2.5 mL/min. 2. Controlled-rate freezing. The procedure was carried out according to the protocol described by Martinez-Madrid and colleagues [12] . The ovaries were perfused via the ovarian artery with the cryoprotective mixture for 15 min at 4°C. The cryoprotective mixture contained DPBS medium, 10% (v/v) DMSO, and 15% FCS. After perfusion, the 30 ml cryogenic vial (Scientific Laboratory supplies, Nottingham, UK) containing the ovary was placed in a 5100 Cryo 1°C freezing Container (nalgen, VWR, Belgium) precooled at 4°C, and deposited in a −80°C freezer. This confers a cooling rate of −1°C/min. After 24 h in the −80°C freezer, the cryovial containing the ovary was transferred to liquid nitrogen. 3.
Thawing of ovaries. One week later, the vials were removed from the dewar and held at room temperature for 2 min before plunging in a water bath at 37°C for another 2 min with gentle shaking. To remove the cryoprotectant, the ovaries were bathed and perfused in 3 steps of 10 min each at room temperature with a reversed sucrose concentration gradient (0.25 M, 0.5 M and 1.0 M sucrose) in Leibovitz L-15 medium to prevent osmotic injuries. The perfusion rate was 2.5 ml/min.
Rapid freezing of whole ovaries (group C)
The ovaries were perfused via the ovarian artery with the cryoprotective mixture. The perfusion rate was set at 2.5 mL/min. The cryoprotective mixture contained DPBS medium, 15% (v/v) DMSO, 15% (v/v) propylene glycol (PROH) and 15% FCS. To ensure osmotic balance, the cryoprotective mixture was introduced in 2 steps of increasing concentration: 50% for 10 min at 4°C, and 100% for 10 min at 4°C. After perfusion, the ovaries were transferred into liquid-nitrogen-proof ethyl vinyl acetate cryobags (Corning Coaster Corporation, Cambridge, MA, USA) containing the cryoprotective mixture. The ovaries were vitrified by plunging the bags into liquid nitrogen.
Thawing of ovaries The procedure was identical to that of group B.
Vitrification protocol for whole ovaries (group D)
The ovaries were perfused via the ovarian artery with the cryoprotective mixture. The perfusion rate was set at 2.5 mL/min. The cryoprotective mixture contained DPBS medium, 25% (v/v) DMSO, 25% (v/v) PROH and 15% FCS. To ensure osmotic balance, the cryoprotective mixture was introduced in two steps of increasing concentration: 50% for 15 min at 4°C, and 100% for 15 min at 4°C. After perfusion, the ovaries were transferred into liquid-nitrogenproof ethyl vinyl acetate cryobags containing the cryoprotective mixture. The ovaries were vitrified by plunging the bags into liquid nitrogen.
Warming of ovaries The procedure was identical to that of group B.
Evaluation of ovarian follicular viability in the ovarian tissue
The cryopreserved thawed ovarian tissue was evaluated for follicular viability in term of plasma membrane function and structural integrity by trypan blue exclusion test. Ovarian fragments were thinly sectioned in Leibovitz L-15 medium supplemented with 1 mg/mL (200 IU/ml) type 1 collagenase, incubated at 37°C for 2 h and pipetted every 30 min. Collagenase activity was inhibited by 50% FCS. The suspension was filtered through a 70-μm nylon filter (Becton Dickinson Labware, Frankline Lakes, NJ, USA) and centrifuged at 400g for 5 min. The precipitate was diluted with 50 μl of Leibovitz L-15 medium and kept in a water bath at 37°C. Twenty μl of 0.4% trypan blue was added to the suspension containing the follicles, deposited on a glass slide and examined under inverted microscope. For each group, hundred follicles were examinated. The percentages of viable follicles were determined by calculating the percentage of unstained cells.
Histological examination
Ovaries were fixed in Bouin , s solution for light microscopic evaluation. Serial 5-um sections were prepared; every 10th section of each ovary was mounted on a glass slide, and stained with hematoxylin and eosin.
Follicular morphology was examined by microscope (magnification, ×400). For each ovary, 100 primordial follicles were counted in sections where the oocyte nucleus was visible, and their morphology was recorded. Normal follicles had a complete layer of flattened pregranulosa cells, oocytes with cytoplasm, and a normal nucleus. Abnormal follicles were classified as follows: pyknotic nucleus, and nucleus and cytoplasm damage combined.
Culture of frozen ovarian tissue
An in vitro culture system was used as described by Scott and colleagues [25] . The strips from the thawed ovaries were immersed in the base medium, cut into small pieces (1×1×1 mm), and placed into 24-well culture dishes (Corning, USA). Millicell culture plate inserts (Millipore, Sundbyberg, Sweden) coated with 100 μL pre-diluted Martrigel extracellular matrix (Becton Dickinson, Sttokholm, Sweden) were put into each well to support the growth of the ovarian tissues. Every insert contained 2 pieces of ovarian tissue. The culture medium comprised α-MEM with 5% HAS, 1% ITS (10 μg/mL insulin, 5.5 μg/ mL transferrin and 7.6 ng/mL sodium selenite), 0.5 IU/ml human menopausal gonadotropin (hMG, Livzon, China), 50 μg/ml vitamin C, 0.47 mmol/L pyruvate acid, 2 mmol/ L L-glutamine, 100 IU/ml penicillin, and 100 μg/mL streptomycin. Initially, 150 μL culture medium was added inside the insert and 550 μL outside it. The tissues were cultured in a humidified incubator at 37°C with 5.5% CO 2 for 14 days. Every other day, 400 μL of the culture medium outside the inserts was replaced by fresh medium.
Hormones assays
At 14th day after culture, the spent medium was collected and stored at −80°C for later analysis. The levels of 17-β estradiol (minimum detection limit: 5.0 pg/mL) and progesterone (minimum detection limit: 0.1 pg/mL) were measured using a heterogeneous competitive magnetic separation immunoassay (LRW, Shenzhen, Guangdong, China).
Lactate dehyrogenase (LDH) assay
Cytotoxicity of vitrification solution was assessed using lactate dehyrogenase (LDH) assay. Ovarian tissues were cut into 2 mm 
Statistical analysis
Follicle viability and the percentage of morphologically normal primordial follicles were compared using X 2 analysis. The hormone levels of culture supernatant and LDH levels were compared by analysis of variance (ANOVA). Values were considered significant when P< 0.05. SAS version 8.1 software (SAS Institute, Cary, NC, USA) was used for all statistical analysis. Figures 1, 2 and 3 showed the ovarian follicle viability in each group. The follicle viability in the fresh control group (84.5%±2.6%) was significantly higher than those in all experimental groups (P<0.05). The follicle viability in group A (72.5%±2.1%) was the highest in all experimental groups (P<0.05). The follicle viability in group D (63.7%± 4.3%) was significantly higher than those in group B (51.9%±3.5%) and group C (40.5%±2.3%) (P<0.05), and the follicle viability in group B was significantly higher than those in group C (P<0.05).
Results

Ovarian follicle viability
Histological examination of primordial follicles
Figures 4, 5 and 6 showed the percentage of morphologically normal primordial follicles in each group. The percentage of morphologically normal primordial follicles in fresh control group (85.2%±7.1%) was significantly higher than those in all experimental groups (P<0.05). The percentage of morphologically normal primordial follicles in group A (74.5%±5.7%) was the highest in all experimental groups (P<0.05). The percentage of morphologically normal primordial follicles in group D (59.3%±5.1%) was significantly higher than those in group B (42.9%± 3.9%) and group C (38.6±4.1%) (P<0.05). However, differences between the group B and group C were not significant (P>0.05). Table 1 showed 17-β estradiol and progesterone concentration in the culture supernatants in each group. 17-β estradiol and progesterone concentration in the culture supernatants in fresh control group (395 pg/mL and 4.21 ng/mL) were significantly higher than those in all experimental groups respectively (P<0.05). 17-β estradiol and progesterone concentration in the culture supernatants in group A (339 pg/mL and 3.61 ng/mL) were the highest in all experimental groups. Estradiol 17-β and progesterone concentration in the culture supernatants in group D (295 pg/mL and 3.29 ng/mL) were significantly higher than those in group B (263 pg/mL and 2.52 ng/mL) and group C (251 pg/mL and 2.45 ng/mL) respectively (P< 0.05). However, the differences in 17-β estradiol and progesterone concentrations in the culture supernatants between the group B and group C were not significant (P>0.05).
Lactate dehyrogenase (LDH) assay Figure 7 showed the levels of LDH released from ovarian tissues in each group. There were no significant differences in the levels of LDH among control group (2.3±0.2 IU/g), group I (2.5±0.3 IU/g), group II (2.4±0.2 IU/g), and group III (2.6±0.2 IU/g) (P>0.05). However, the levels of LDH in group IV (4.3±0.4 IU/g) and group V (5.6±0.4 IU/g) were significantly higher than that in control group (P<0.05). 
Discussion
Cryopreserving pieces of ovarian cortex prior to treatment is one strategy for preserving fecundity [3] . However, earlier work revealed that almost 50% of primordial follicles were lost as a result of initial ischemia rather than as a result of the freeze-thaw process itself [9, 26] . Tissue ischemia remains a problem because the process of revascularization can take 2-7 days to complete [24, 27] . In theory, cryopreservation of an intact ovary in vitro, followed by autologous transplantation using microvascular anastomosis, could achieve immediate blood supply in vivo to maximize graft survival.
Although whole ovary cryopreservation followed by successful autotransplantation by vascular anastomosis has been performed in experimental animals [18] , it is still a highly experimental procedure with low success rates. Onions et al. [28] found that cryoinjury causes follicular death as well as irreversible damage to the vascular system of the ovary. Damaged ovarian vasculatures can induce thromboembolism after transplantation which leads to severe tissue ischemia and follicular loss.
Cryopreservation of an entire organ with its vascular pedicle is much more complicated than ovarian cortical strips or suspended cells (oocyte) or group of cells (embryo). The major technical problems of whole ovary freezing is the larger volume of tissue that causes slow penetration of the cryoprotectant and unsteady heat transfer. In particular, the capillary vessels are sensitive to the freezing and thawing procedure [29] . Several technical aspects of this procedure should be optimized in research on experimental animals.
Cryopreservation as a process can be divided into 2 methods: conventinal freezing and vitrification. Studies that compare the effectiveness of vitrification and conventional freezing for oocytes, embryos and ovarian tissue have been published. On the basis of a study on cryopreservation of over 16,000 human embryos, Kuwayama et al. recently reported that vitrification compared with slow cooling resulted in high survival rates at all stages of embryonic development. The pregnancy rate per transfer of 4-cell vitrified embryos was 27%. However, there was no difference in pregnancy and live birth rates between the 2 cryopreservation methods [20] . It was reported that the cleavage and blastocyst formation rates of vitrified oocytes were significantly higher than those of slow-frozen oocytes. Compared with slow-frozen oocytes, vitrified oocytes were more likely to maintain normal meiotic spindles and chromosome alignment. However, the incidence of aneuploidy was similar [21] . Isachenko et al. compared the effectiveness of conventional freezing and vitrification of human ovarian tissue. The results revealed that conventional freezing was more promising than vitrification in cryopreservation of human ovarian tissue, because of the higher developmental potential [22] . Contrary to these finding, a study by Keros et al. reported that vitrification maintained the morphological integrity of the ovarian stroma better than slow-programmed freezing [23] .
With regard to cryopreservation of whole ovaries, which method is preferable: slow-freezing or vitrification? The data on it is limited; therefore we carried out a comparative investigation of slow-freezing and vitrification of whole ovaries. In this study, we choose bovine as animal models. The reasons were: (i) bovine ovaries are comparable in size with human ovaries; (ii) only 1 or 2 follicles mature each cycle as the maturation of multiple follicles greatly influences the ovarian volume and therefore the outcome of the freezing process (multiple follicles mature each cycle in pig); and (iii) the bovine has a monthly cycle [30] .
Histological examination is important tool to evaluate the protocol of ovary cryopreservation. Follicle morphology is Fig. 7 The levels of lactate dehydrogenase in each group
The hormone concentration in the culture supernatants in each group.
Group
Estradiol 17-β (pg/mL) Progesterone (ng/mL) usually analyzed through several criteria: (i) eosinophilia and vacuolations are the most commonly used criteria for oocyte cytoplasm; (ii) contraction and clumping of nucleus chromatin material are usually considered signs of atresia [31] [32] [33] . However, in our study, we noticed that: (i) oocyte cytoplasm staining frequently varied from one slice to another, independent of any follicular damage; (ii) oocyte cytoplasm vacuolations were also observed on fresh ovarian tissue. Previous studies also reported that the vacuolization of cytoplasm in oocyte appeared in both the fresh and the frozen-thawed groups analyzed by HE stain [34, 35] . It seems that this phenomenon happened in the fixation and the stain procedures. As a consequence, we have chosen to evaluate oocyte morphology considering only the chromatin material aspect. Since the trypan blue test provides a means to estimate the follicular viability after cryopreservation, it has been used as a tool to assess the efficiency of the cryopreservation procedure [36] [37] [38] . In addition to the results of the follicular viability test and histological examinations, the hormonal activity of thawed and cultured tissue is a criterion for the effectiveness of the cryopreservation protocol. The steroidogenic activity of ovarian tissue is known to be an indicator of tissue viability [22] . The skill of surgeon affected the ovarian transplantation with vascular anastomosis. Therefore, in this study, the efficacy of cryopreservation was analyzed in vitro experiment without transplantation. In this study, follicle viability, the percentage of morphologically normal primordial follicles and hormone levels in group D (vitrification protocol) were significantly higher than those in group C (rapid freezing). Vitrification is a process that involves a physical process by which a highly concentrated solution of cryoprotectants solidifies during cooling without formation of ice crystals. Briefly, the vitreous transition temperature (T g ) is defined as the temperature below which a solid phase without ice crystals can be obtained. The critical cooling rate (V ccr ) is the lowest rate that allows a given solution to vitrify. Vitrification is successful if cooling reaches T g at a speed higher than the V ccr of the cryoprotectant solution. The V ccr decreases with increasing cryoprotectant concentration [37] [38] [39] . A big barrier of organ cryopreservation is the restriction of cooling and heating rates to those that are permitted by the dimensions and geometry of the organ. Therefore, vitrification of whole ovaries requires high concentrations of cryoprotectants to reduce the critical cooling rate and make all the solutions solidified. It can explain why vitrification protocol is more effective than rapid freezing (the concentration of cryoprotectant is low). Highly concentrated cryoprotective medium and lengthy perfusion period are key factors for successful vitrification of whole ovaries. As long as the cooling rate is higher than V ccr , all the aqueous solutions can be induced in an amorphous, so-called vitreous solid phase; any ice crystal formation can be avoided in the ovarian component, particularly in the inner cell and vasculatures. Thus, vitrification should be more suitable than conventional freezing for cryopreserving larger-volume and heterogeneous system such as an intact ovary. In this study, follicle viability, the percentage of morphologically normal primordial follicles and hormone levels in group D (vitrification) were significantly higher than those in group B (conventional freezing). The results support this hypothesis. Nevertheless, high concentrations of cryoprotectants could put cells to the risk of excessive toxicity. In the present study, the release of the intracellular enzyme LDH was used to assay cell damage caused by cytotoxicity of vitrification solution. The results showed that the level of LDH released from ovarian tissue exposure to vitrification solution containing 25% (v/v) DMSO and 25% (v/v) PROH at 4°C for 30 min was not significantly higher than that in control group, so it suggest this vitrification solution is appropriate for vitrifying ovaries.
Cryopreservation of whole ovaries using the slow-freezing protocol has been performed in humans by Martinez-Madrid et al. [40] and Bedaiwy et al. [41] , showing high follicular viability, normal histological architecture and no evidence of damage to the vessels after this procedure. However, different from the above results, our study showed that the efficacy of slow-freezing of whole ovaries was lower than slow-cooling ovarian cortical strips. Slow-freezing uses an optimal cooling rate specific to a given cell so as to make the cells gradually dehydrated. However, it is a challenge to control the heat conductivity to achieve an even distribution of heating and cooling energy in the whole organ during slow-freezing process. This may be the reason of insufficiency of slow-freezing whole ovaries.
Transplantation of whole ovaries by vascular anastomosis has been considered as a promising strategy to restore fertility in cancer patients, and vitrification seems to be more suitable than conventional freezing for preserving the whole organ. However, the efficacy of the procedure should be improved before any further clinical applications take place.
